Folding intermediates play a key role in defining protein folding and assembly pathways as well as those of misfolding and aggregation. Yet, due to their transient nature, they are poorly accessible to high-resolution techniques. Here, we made use of the intrinsically slow folding reaction of an antibody domain to characterize its major folding intermediate in detail. Furthermore, by a single point mutation we were able to trap the intermediate in equilibrium and characterize it at atomic resolution. The intermediate exhibits the basic ␤-barrel topology, yet some strands are distorted. Surprisingly, two short strand-connecting helices conserved in constant antibody domains assume their completely native structure already in the intermediate, thus providing a scaffold for adjacent strands. By transplanting these helical elements into ␤ 2 -microglobulin, a highly homologous member of the same superfamily, we drastically reduced its amyloidogenicity. Thus, minor structural differences in an intermediate can shape the folding landscape decisively to favor either folding or misfolding.
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amyloids ͉ NMR ͉ protein folding ͉ antibodies ͉ molecular dynamics I n the current view, almost all proteins are believed to populate partially folded species, so-called folding intermediates, along their pathways to the native state (1) (2) (3) (4) (5) (6) . The characteristics of folding intermediates are critical in determining whether a protein is able to fold robustly or has the tendency to misfold (6, 7) . A detailed structural characterization of folding intermediates is thus key for the understanding of protein folding in general. Because they are transient, however, only very few folding intermediates have so far been described in atomic detail (8) (9) (10) (11) (12) (13) . In general, experimental data argue for near-native topology with incompletely folded or partially misfolded structural elements such as side-chain interactions (8) (9) (10) (11) (12) (13) . In this context it is of particular importance that partially folded states have recently been associated with a large variety of pathologies (14) . In the case of amyloid diseases-e.g., transthyretin (TTR) familial amyloid polyneuropathy (15) , light chain amyloidosis (16) , or dialysis-related amyloidosis (17)-it is thought that folding intermediates are key precursors for the formation of amyloid fibrils (18) . Amyloids are long-lived dissociation-and degradation-resistant structures. They are made up of ␤-strands that are arranged into sheets lying perpendicular to the long fiber axis and possess a core cross-␤ structure (19) . Despite the large variety of native folds shown by amyloidogenic proteins, these structural features seem to be a recurring motif in amyloids suggesting a common assembly mechanism (20) . A particularly well studied example in this respect is the MHCI component ␤ 2 -microglobulin (␤ 2 m), a member of the widespread immunoglobulin (Ig) superfamily (21, 22) . ␤ 2 m has been shown to form amyloid fibrils if partially unfolded-e.g., at acidic pH (23) , where the reaction is thought to be initiated by the population of a partially folded intermediate (23, 24) . When such intermediates are populated for long periods, they are particularly susceptible to misfolding and misassembly reactions as has been shown for ␤ 2 m. Its productive folding from a native-like intermediate to the native state is limited by an intrinsically slow trans-to-cis peptidyl-prolyl isomerization reaction (24, 25) . Experiments in which the critical proline residue was held in a trans state confirmed that this intermediate is a major determinant in amyloid formation (24, 26) . In this regard, several studies showed that the most probable amyloidogenic precursor already possesses a large part of the native ␤-sheet topology with only the outer strands and loop regions being distorted (24, 25, 27) .
Bearing in mind that intermediates are a rather general aspect of a protein folding reaction and that most polypeptides are in principle susceptible to amyloid formation (28) , the question arises of how proteins avoid aggregation in the majority of cases. To address this issue we set out to study the folding pathway of the constant domain of the antibody light chain (C L ) with high structural resolution. The C L domain is a particularly instructive model system because it also belongs to the Ig superfamily and, like ␤ 2 m, forms a ␤-sandwich composed of seven strands stabilized by a single disulfide bond between strands B and F (29, 30) . The cis proline residue associated with the amyloidogenic potential of ␤ 2 m is conserved in the C L domain (29) . Furthermore, the overall folding mechanisms of the two proteins are highly similar (24, 30) , each populating an intermediate state en route to the native state. Nevertheless, the C L domain has never been directly associated with amyloidogenic diseases even if present at much higher concentrations than ␤ 2 m in the blood (31). By the structural characterization of its major folding intermediate, we show how the C L antibody domain might avoid such harmful misfolding reactions.
Results
The Major Kinetic Folding Intermediate of CL is Highly Structured. The C L domain folds via an obligatory intermediate on two parallel pathways to its native state, the slower one being limited by the isomerization of the Y34-P35 bond to the native cis conformation (30, 32) . This bond is predominantly trans in the unfolded state. As a consequence, only Ϸ10% of the molecules are able to fold to the native state within a few seconds (30, 32) , and Ϸ90% of the molecules have to undergo the intrinsically slow isomerization reaction before complete folding to the native state (30, 32) . At 2°C this reaction takes several hours to complete [see supporting information (SI) Fig. S1 ], allowing the major kinetic intermediate to be populated for a significant amount of time. CD spectra of the intermediate argue for a partially formed ␤-sheet framework and the absence of defined asymmetric environment around the aromatic amino acids (see Fig. S1 ).
To structurally characterize the intermediate state as well as the folding process on a residue level, Ͼ70% of the C L domain backbone was assigned by standard NMR techniques (Fig. 1A) , and real-time 15 N-1 H HSQC spectra were measured during refolding from the chemically denatured state. The first spectrum recorded after 14 min reflects almost exclusively the kinetic intermediate and had only to be corrected for 10% of the C L molecules possessing the correct Y34-P35 isomerization state (Fig. 1 A; see Materials and Methods for details). Because the chemical shifts of the amide protons strongly depend on their molecular environment, overlaying the HSQC spectra of the intermediate and the native state reveals similarities and changes in their environment during the folding process ( Fig. 1 A) . The HSQC spectra of the native C L domain and the folding intermediate are superimposable for some residues but non-superimposable for others where significant differences in the chemical shifts are observed (Fig. 1 A) . To obtain more insights into the structural properties of the intermediate, the change in the peak intensity at the native chemical shift position was followed over time for each assigned residue. In every case the change in peak intensity could be well described by a single exponential function, if not already showing a native-like intensity after the dead-time of the experiment (Fig. 1B) . As can be seen in Fig. 1C , the time constants of the folding of the individual residues show stochastic behavior around a mean value of ϭ 199 min at 2°C without any significant systematic deviations for any part of the protein. In contrast, initial HSQC amplitudes in the folding intermediate show interesting patterns: almost native initial amplitudes are found in correspondence of the two short helices connecting strand A and B as well as E and F and adjacent ␤-sheet termini suggesting that they are already in a native environment in the intermediate whereas low initial amplitudes are observed for some of the ␤-strands, in particular strands C and D, which suggests a lack of native structure ( Fig. 1D ). In Fig. 1E regions of high or low initial amplitudes are mapped on the crystal structure of C L revealing that the two helices and their local environment are highly structured in the intermediate.
An Intermediate Structure at Equilibrium Trapped by a Single Point
Mutation. The initial HSQC amplitudes only provide hints on the structural properties of the intermediate. Equilibrium spectroscopic data could provide information more directly related to structure. Therefore, we tried to trap the intermediate at equilibrium by exploiting the isomerization reaction separating the intermediate from the native state. We hypothesized that mutating the P35 residue against another amino acid that preferentially adopts a trans peptide bond (33), such as Ala (C L   P35A ), might ''trap'' the kinetic intermediate making it populated at equilibrium. Indeed, far-UV and near-UV CD spectra of C L P35A were found to be very similar to the respective spectra of the kinetic intermediate (data not shown). To determine the stability of the mutant in comparison to the wild type (C L wt ), denaturant-induced unfolding transitions were performed. The unfolding of both proteins, C L wt and C L
P35A
, was a two-state process because there was concurrent loss of secondary structure (monitored by far-UV CD-spectroscopy) and tertiary structure (monitored by the change in the intrinsic tryptophan fluorescence) ( Fig. 2A) . Consistent with a partially folded species being the major equilibrium state, the P35A mutation led to a stability reduction of the C L domain by Ͼ50% from ⌬G unfolding ϭ 13.4 Ϯ 0.9 kJ⅐mol Ϫ1 for the wild-type protein to ⌬G unfolding ϭ 6.1 Ϯ 0.5 kJ⅐mol Ϫ1 for the mutant (Fig. 2 A) . The cooperativity parameter of the transition decreased by 20% from m eq ϭ 15.9 Ϯ 0.9
. If the kinetic intermediate is trapped by the Pro35Ala mutation, a simplified folding mechanism devoid of the kinetic phases leading to the native state is expected for C L P35A as compared to C L wt . To assess the folding mechanism of C L P35A , a chevron plot was determined. The mutant only showed one major folding/unfolding phase in the chevron plot (Fig. 2B ) giving rise to one folding and one unfolding microscopic rate constant (k f ϭ 4.4 Ϯ 0.1 s Ϫ1 /k u ϭ 0.30 Ϯ 0.02 s Ϫ1 at 20°C and 0 M GdmCl). In contrast to this, two separate folding phases had been reported for the major folding pathway of C L wt (30) . From a global fit of the overall folding mechanism, the rate constants for each individual folding process could be determined for C L wt (30 Notably, for C L P35A ⌬G kinetic ϭ 6.6 Ϯ 0.3 kJ⅐mol Ϫ1 , the stability calculated from the rate constants obtained from the chevron plot, is in very good agreement with the value from the equilibrium unfolding experiment (⌬G unfolding ϭ 6.1 Ϯ 0.5 kJ⅐mol Ϫ1 ) confirming a two-state kinetic process. This was corroborated by interrupted refolding experiments (Fig. 2C) , which show that 93% of the molecules fold to their final state with a rate constant of 4.8 Ϯ 0.4 s Ϫ1 and only 7% with a rate constant of 0.08 Ϯ 0.01 s Ϫ1 , which can likely be attributed to the isomerization of one of the four remaining Proline residues from a nonnative cis to the native trans state. All data argue for the C L P35A mutant populating the kinetic intermediate in equilibrium, which is trapped by the trans state of the bond preceding A35. The data are summarized in the folding model shown in Fig. 2D .
To confirm this, the structure of C L P35A was further characterized by NMR spectroscopy. 15 N-1 H HSQC spectra of the C L wt kinetic intermediate and C L P35A were almost completely superimposable (Fig. 3A) , demonstrating equivalent secondary and tertiary structure in both species. Crucially, the trapping of the intermediate state allowed an NMR assignment to be carried out (Fig. 3A) the standard backbone experiments and triple resonance experiments for aliphatic side-chain assignment, 3D-NOESY spectra. These data revealed that large parts of the proteins possess almost identical carbon chemical shifts and, in addition, corresponding NOESY strips within the same range ( Fig. S2 and data not shown), indicating that the intermediate already adopts a highly ordered structure. Notably, the two helices are fully formed, as judged from the NOESY pattern and stabilized by distinct helix capping motifs (34) . Regions in C L P35A with significant differences in the carbon chemical shifts and the NOESY pattern from C L wt are all located around A35 and strands D and E. To gain further dynamic and structural information that cannot be deduced from the experiments alone, we performed molecular dynamics (MD) simulations with NMR-derived restraints (see Materials and Methods for details). Low-energy conformations in which restraints are collectively minimally violated can be sampled by this approach and provide an ensemble of structures that best represent the partially folded state. The simulations show that the overall topology of C L P35A is on average well retained (Fig. 3B) . Additionally, both helices were fully structured in the simulations and showed only minor fluctuations ( Fig. 3 B and C) . Strikingly, the edge strands A and G were found to be native in all simulations (Fig. 3 B and C) . However, we observe considerable heterogeneity at the ends of some strands in the ensemble of structures (Fig. 3C) . This is especially pronounced around A35, arguing for a partial distortion of one edge of the protein by the trans state of the peptide bond preceding residue 35. The only strand which was highly distorted was strand D (Fig. 3 B  and C) . Only residues V53 and L54 of this strand were relatively native-like in the ensemble of structures. This is in good agreement with NOE signals observed exclusively for these residues within strand D (data not shown). The N terminus of strand E and strand G were found to be flexible-i.e., a mixture of structures with full or partial ordering of the respective strands was observed in the MD simulations ( Fig. 3 B and C) . Interestingly, the partial disordering of strand E and one of its ends provides a rationale for the missing NMR assignment of some residues from its flanking strand B, which itself is found to be highly structured in the simulations (Fig.  3 B and C) . The overall solvent-accessible surface area of C L P35A was found to be on average 10% larger than for the wild type, which is in good agreement with the observed 20% decrease in the cooperativity parameter, m eq , for unfolding. Taken together, the NMR experiments in combination with the simulations provide a detailed picture of the major C L folding intermediate. The two small helices and their local environment are completely folded, and the intermediate exhibits a native-like core structure despite the presence of flexible regions that are able to adopt a variety of conformations.
Dissection of the Amyloidogenic Properties of the CL Domain and
␤2-Microglobulin. The constant domain of the antibody light chain has never been reported to be directly responsible for amyloidogenic processes even though it possesses the same topology as amyloidogenic variable antibody domains (V L ) or ␤ 2 -microglobulin (␤ 2 m). In both cases, amyloid formation is assumed to proceed from a partially folded intermediate state (27, 35) . Interestingly, neither amyloidogenic protein possesses the short strand-connecting helices that we identified as highly structured elements in the C L folding intermediate. Accordingly, the sequence or structure of these helical elements might play a role in the inhibition of amyloid formation. To test this, we exchanged the unstructured loop regions connecting strands A and B as well as strands E and F in ␤ 2 m against the corresponding helical elements of the C L domain (␤ 2 m toCL ) (see Fig. S3 ). The ␤ 2 m toCL exchange mutant folds to a well defined structure with similar far-UV CD-spectroscopic properties as wildtype ␤ 2 m (see Fig. S3 for details) . The helical elements destabilize ␤ 2 m toCL against thermal denaturation but have only a minor effect on its pH stability as compared to ␤ 2 m (see Fig. S3 ). According to the TANGO algorithm (36) , the aggregation propensity of its primary sequence is left unaffected by the mutations (data not shown). To assess the amyloidogenicity of the different proteins, we used established reaction conditions for ␤ 2 m (37) and monitored fibril formation by atomic force microscopy (AFM). As expected, C L wt and the C L P35A mutant were not prone to fibril formation. In only one out of seven individual experiments were fibrils observed at pH 1.5, yet no fibrils were found at pH 3.0 or under physiological conditions, whether seeded or not (see Fig. S4 ). Importantly, a clear difference in amyloidogenicity is observed for wild-type ␤ 2 m and the ␤ 2 m toCL mutant. Whereas ␤ 2 m readily formed fibrils under all conditions tested, ␤ 2 m toCL only formed short fibrils at pH 1.5 (Fig.  4) . At pH 3.0, fibrils were only detected in two out of seven individual experiments for ␤ 2 m toCL , and no fibrils were detected under physiological conditions for this protein, even when ␤ 2 m fibrils were used for cross-seeding experiments (data not shown). The data clearly show that transplanting the sequences corresponding to the C L helices into the ␤ 2 m framework significantly reduces its amyloidogenicity.
Discussion
From a combination of NMR experiments and MD simulations we determined the ensemble of structures making up the major kinetic folding intermediate on the C L folding pathway at atomic resolution. The structures provide hints on what sets an aggregationprone folding intermediate apart from a structurally similar yet productive intermediate. On average, the overall ␤-sheet topology is well established for a major part of the protein, but most aromatic residues are still solvent-exposed or adjacent to dynamic structural elements. The only strand that seems to be highly disordered is strand D, despite native interactions of V53 and L54 with strand E. All other strands and in particular strands B, C, E, and F, which constitute the folding nucleus of Ig proteins (38, 39) , exhibit some dynamics but are already well structured. The most striking structural features of the intermediate are the two completely folded small helices. Although they are strongly conserved in constant antibody domains, their role in the folding process has not yet been recognized. These helices seem to fulfill a spacer and orienting function between strand pairs A-B and E-F and provide hydrogen bond donors and acceptors for adjacent strands and loops. In addition, the helices appear to position hydrophobic residues (e.g., Y80 in helix 2) so that they can participate in the formation of the hydrophobic core. Our data suggest that the two helices are able to fold efficiently and autonomously to their native structures in the context of the intermediate. Hence, these two helices can be regarded as a scaffold within the C L intermediate favoring the formation of a native-like topology by correctly positioning important parts of the molecule.
An important protective role against amyloid formation has been attributed to the edge strands of ␤-sheet proteins (40, 41) . Our finding that the edge strands A and G on one side of the C L intermediate are highly structured provides one possible explanation for the marked difference in amyloidogenicity between C L and ␤ 2 m. Grafting the sequences corresponding to the C L helices onto the corresponding positions in ␤ 2 m significantly reduces the propensity of ␤ 2 m to form amyloids. This reduction is most pronounced at physiological pH, and the helices seem to be robust folding elements, which suggests a structural explanation for this effect but cannot completely rule out sequence effects of the transplanted elements themselves. Similar approaches to study the determinants of amyloid formation have been used previously but were targeted at increasing the amyloidogenicity of the ''host'' proteins rather than suppressing it as done here (42, 43) . The edge strands A, D, and G have been reported to be disturbed in the amyloidogenic intermediate of ␤ 2 m (24-27, 44 ). This leaves edge strands on both sides of the protein molecule unprotected, making a linear arrangement of monomers into fibrils more likely than when just one side of the protein is partially distorted, as observed for C L . For the amyloidogenic TTR, one complete sheet of the native ␤-sandwich structure is destabilized in the amyloidogenic precursor (45) , and for V L , the major folding intermediate is less structured than the C L intermediate (38) . In this context, we also note that ␤ 2 m forms fibrils more readily than C L even though it is significantly more stable than C L (24, 30) . Accordingly, it is not the stability of the native state per se that is the most important factor determining the amyloid forming propensity of a protein, but rather the sequence of the protein (46) and structural characteristics of partially folded species that may be populated along the folding pathway (37) .
In conclusion, our data show how a high degree of local structuring in a protein folding intermediate can significantly influence the folding landscape and favor robust folding over harmful misfolding. The different characteristics of C L and ␤ 2 m can be understood in evolutionary terms. Selection of antibodies took place under harsh extracellular conditions with high concentrations of the multimeric protein present (47) , whereas ␤ 2 m is found at much lower concentrations and usually associated with the MHCI complex (21) . Thus, small differences, acquired over the course of evolution, between members of the same protein superfamily can lead to the avoidance of pathogenic misfolding reactions while preserving an identical protein topology.
Materials and Methods
Protein Production and Purification. Proteins were expressed and purified as described in SI Methods.
Optical Spectroscopy. CD kinetics and spectra were measured as described in SI Methods. Equilibrium unfolding transitions, stopped-flow, and interrupted refolding experiments were performed as described in ref. 30 . For the interrupted refolding experiments, C L P35A was unfolded in 1.5 M GdmCl, refolded in 136 mM
GdmCl for different times, and finally unfolded again in 1.5 M GdmCl.
NMR Spectroscopy.
If not stated otherwise, all spectra were recorded at 25°C on Bruker DMX600, DMX750, and AVANCE900 spectrometers as described in SI Methods. For folding studies, 15 N-labeled unfolded CL in PBS containing 2 M GdmCl was diluted 10-fold by adding ice-cold PBS without GdmCl. Real-time 15 N-1 H HSQC spectra were recorded at 2°C every 14 min by using selective proton flip-back pulses (48) . Identical processing of all of the spectra was performed by using the program TOPSPIN 1.3 (Bruker BioSpin). To obtain the 15 N-1 H HSQC of the intermediate, 10% of the final spectrum was subtracted from the first recorded HSQC spectrum. Peak intensities were analyzed by using the program SPARKY (www.cgl.ucsf.edu/home/sparky). For kinetic studies, the intensities of every amino acid during the folding process were corrected for 10% native molecules and normalized to the corresponding intensity in the final spectrum after 7 h. Backbone resonance assignments were transferred from 25°C to 2°C recording a temperature series of spectra referenced to the internal standard TSP.
MD Simulations. The C L P35A mutant was created from the crystal structure of the CL domain (PDB entry 1FH5). The bond preceding A35 was set to trans and the protein was energy-minimized with the steepest-descent and the adopted Newton-Rhapson methods (49) . Distance and dihedral restraints derived from a comparison of the NMR chemical shifts for C L wt and the C L P35A mutant were used in conjunction with a simulated annealing (SA)-like protocol to derive a set of structures best representing the C L P35A mutant. One hundred cycles of SA were performed, and the final structures from the last 30 cycles were used for further analysis. Details about the restraints and the SA protocol are presented in SI Methods.
All simulations were performed with CHARMM (49), using the CHARMM19 force field, the EEF1 implicit solvent model (50), a Langevin dynamics scheme with a friction coefficient of 1 ps Ϫ1 , a time step of 2 fs, and holonomic constraints (SHAKE) on all bonds involving hydrogen atoms.
AFM Measurements.
Fibrillization experiments and AFM measurements were performed as described in SI Methods. Both proteins were incubated at pH 1.5 or 3.0 at 37°C for 7 days at a concentration of 50 M. Additionally, the proteins were incubated under physiological conditions (PBS, 37°C) either seeded with ␤2m or ␤2m toCL fibrils or not. Formation of amyloid fibrils was assessed by AFM measurements.
Representative pictures of each sample are shown.
